Abstract-The use of composite insulators for overhead transmission lines has increased in the past decade. Various designs and models are now available for a wide range of voltages. The 3D Finite Element Analysis electric field distribution of such composite insulators has been of considerable interest due to its differences to 'conventional' glass or ceramic insulators. Results of such analysis are now widely available. The present paper presents and analyses the electric field distribution around a composite insulator, which is intended to replace both existing high voltage insulators and the cross-arms of transmission towers. The complex geometry of the composite cross-arm, which includes four separate insulator strings and different shed profiles across these members all connected to a common metallic nose cone, make it difficult to model in any 3D Finite Element Analysis package. The present paper will evaluate the electric fields on such a composite cross-arm, in regards to the areas of high field enhancement.
INTRODUCTION
Modern day electrical power transmission is taking a giant leap in modernization, with change in power generation and demand. New renewable generation on the system, means that the transmission system will need to be 'smart' to cope with this change. Governments are very keen on upgrading the existing transmission lines to cope with this new demand and change on the networks. One of the challenges that modernization of electrical transmission lines presents is the need to increase power transfer in existing overhead transmission lines. There are two methods by which the capacity of power transmission can be readily increased: retensioning and re-conductoring.
Re-tensioning involves allowing additional conductor sag to increase the thermal rating of an existing line. This increases the development of annealing and high temperature creep, due to increased operating temperatures and additional current, resulting in risk of mechanical failure, elongation of cables and decrease of clearance to ground [1] .
Re-conductoring involves the replacement of existing cables with conductors of larger power capacity, thereby increasing the power transfer capacity of the system. These systems allow the increase in thermal power rating without compromising the mechanical strength. [2, 3] . Another option is to increase the voltage of existing lines, although this is not an easy task to perform on existing steel lattice towers. One of the main concerns whilst upgrading existing transmission lines for higher voltages is clearance distances. The problem can be understood from Figure 1 . The clearance distances between the high voltage conductors and the ground (ground clearance) is maintained by the insulator. Similarly the clearance distance between the conductors and the cross-arm is maintained by the insulators too. Both these distances are vital and most towers are designed to satisfy these criteria without significant margin.
To upgrade the lines to higher voltages, would basically mean the introduction of longer insulator strings as seen from the tower on the right in Figure 1 . From the figure a new area of concern arises, because the ground clearance decreases due to the introduction of a longer insulator string for the cables operating at higher voltages, and so does the distance between the cross-arm and the conductor. Another area that needs to be addressed is the maximum clearance whilst an insulator is swinging towards the tower, due to side winds. This is illustrated in figure 2 . The increase in length of insulator string, increases the risk of flashover in case of swing. More detail can be found in [3] .
The present paper deals with a solution that could possibly overcome these drawbacks, whilst still being capable of being used on existing steel transmission towers. The authors have previously introduced this composite cross-arms on existing towers [4] . There is also ongoing electrical testing of the crossarms on a coastal trial facility [5] .
The composite cross-arms will replace the insulator strings and the steel lattice cross-arm, thus increasing the clearance to ground. This is shown in figure 3 . Whilst Figure 3 shows an improvement in the clearance distances, it must be highlighted that the composite cross-arm will have to still meet standards [6] [7] [8] in achieving clearance distances both to the tower and between phase conductors. These distances have been highlighted in [3] and are explained more in detail therein. This paper describes calculations of the electric field distribution on the cross-arm itself.
II. CROSS-ARM DESIGN
The composite cross-arm that is intended to replace the insulator strings and the steel lattice cross-arms, needs to be mechanically strong to cope with the compression and tension forces that would be seen on conventional insulator strings and steel cross-arms. The composite cross-arms being analysed in this paper have been designed for these mechanical demands. Figure 4 shows a full scale model of a composite cross-arm. The composite cross-arm can be divided into two parts, the tension members (thin, composite insulator string, angled from the horizontal) and the compression members (horizontal, thick, composite insulator string). All four members are connected to a nose cone which will be connected to the high voltage cable and energized at the respective voltage level. The other legs of the four members are designed in such a way that they can be retrofitted onto existing transmission towers.
III. 3D ELECTRIC FIELD ANALYSIS OF INSULATORS
It is crucial to evaluate electric fields as they have a short-term performance and long-time ageing effects on the insulators. Short-term effects include flashover, which is a temporary failure of an insulator. High electric fields on insulator strings can also cause corona at triple junctions and interfaces, which can, over time, cause degradation of the insulator surface and eventually lead to insulator failure. High electric fields can also cause dry-band arc formation when an insulator is covered in pollution, which also generates accelerated ageing and potentially flashover.
The use of 3D Finite Element electric field analysis for field distribution on insulators is now a common practice, where it used to optimize corona ring placements, reduction of hot spots and design of end connectors. The use of 3D Finite Element analysis for electric field distribution on insulators can be found in [9] [10] [11] [12] . Analysis and studies that have been performed in previous studies have usually been on simple composite string insulators. The present paper considers the electric field distribution across the composite cross-arm, which as an assembly consists of four different insulator strings, with minimal symmetry.
Electric fields on an insulator are a factor of [10] :
• Energized voltage
• Geometric shape and design, including corona rings placement and end fittings
• Tower design
• Environmental conditions
• Material Properties
Thus it is important to take all these factors in whilst designing insulators. These criteria are design parameters, in order to maintain any lo enhancement to levels where corona/partial surface is minimized, reducing localized dam that are usually followed in designing composi highlighted below. These are extracted from literature, standards and technical reports. Th been adapted for the composite cross-arm.
Criterion 1:
The average field gradient paralle cores is no greater than for conventional comp In the case of the cross-arm this would need member insulators, or the complete dry cross relief devices. At 0.5 mm from insulation sur rms magnitudes to be less than 4.5 kV/cm (rm Criterion 2: The local field on metal fittin corona inception values 30 kV/cm (rms). Th all the end connectors, nose cone and stress re 15]. Criterion 3: Fields within dielectrics (core less than 30 kV/cm (rms) [10] .
It must be highlighted that all the above cr adapted based on dry operational conditions. T be significantly lower for wet conditions. One considered is the fields at triple junctions, where the sheds meet the core and joints b assembly and the insulator material. Furt required to calculate fields in wet conditions pursued as the next step in this research.
IV. 3D COMPOSITE CROSS-ARM M
The present model has been designed based o of the cross-arm that is being develope application. The model was built on a comme CAD package. It is later uploaded into Comso Analysis package, where the electric field a performed. to be for all four s-arm with stress rface, the E field ms) [10] . ngs to be below his would include elief devices [13- and sheds) to be riteria have been These values will e other area to be especially areas between metallic ther research is and this is being MODEL on the dimensions ed for 400 kV ercially available ol Finite Element analysis has been pended in a block necting a 400 kV onverts to a phase y conditions thus osite cross-arm is voltage end of the otential including composite crossds are physically Figure 7 and Figure 8 show the electric field above the sheds on both the compression and tension member. It can be seen that the field above the sheds is within the stated criterion. The spikes in the electric field, are those when the plot runs across the corona ring and the end fittings. There is a sudden drop in the field towards the earth end of the compression member, which can be explained by the fact that the compression member has a corona ring installed at the end whilst this is not present on the tension members.
B. Criterion 2
Corona is one of main causes for long term ageing on composite insulators. Corona hot spots are generally seen near triple junctions and also metallic fittings with sharp geometric features. In the present model, the main metallic fittings can be identified as the nose cone, end fittings on both type of insulators and the stress relief devices. The field plot in Figure 9 shows that the highest electric field across this patch is less than the stipulated 30 kV/cm. A similar result was seen for the other pair of insulating members and is shown in Figure 10 . This indicates that there is a difference in the performance of the electric field enhancement across the high voltage end with the stress relief assembly.
C. Criterion 3
The fields within the dielectrics will show if there is a possible risk of breakdown within the solid dielectric. To be able to check the electric field through all the sheds, the field on a line 0.5 mm from the top of the core of the insulating members was plotted, thus running through every shed. Figure 11 and Figure 12 show the field plots through the sheds of the insulating members. The fields that have been plotted here are well within the range specified, that is, less than 30 kV/cm. There is a peak rise in the field, seen both at the high voltage end and the earth end of the insulator members. But even with this sharp rise, the fields are within the specified limits.
VI. CONCLUSIONS
The three criteria on which the present analysis has been performed, have been satisfied. This demonstrates that the idea of the composite cross-arm is a possible solution for upgrading of existing transmission towers. Further work is required to model how the composite cross-arm will perform in wet conditions, and this is ongoing activity. It is under wet and polluted conditions where the composite insulators experience greatest electric stress, and this will be key to satisfying the design parameters that are widely accepted by electrical utilities. So far, the models have shown composite cross-arms can operate under conditions found to be acceptable for conventional composite insulators.
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